Protein kinase casein kinase 1 (CK1) phosphorylates Ser-45 of ␤-catenin, ''priming'' the subsequent phosphorylation by glycogen synthase-3 of residues 41, 37, and 33. This concerted phosphorylation of ␤-catenin signals its degradation and prevents its function in triggering cell division. The sequence around Ser-45 does not conform to the canonical consensus for CK1 substrates, which prescribes either phosphoamino acids or acidic residues in position n؊3 from the target serine. However, the ␤-catenin sequence downstream from Ser-45 is very similar to a sequence recognized by CK1 in nuclear factor for activated T cells 4. The common features include an SLS motif followed two to five residues downstream by a cluster of acidic residues. Synthetic peptides reproducing residues 38 -65 of ␤-catenin were assayed with purified rat liver CK1 or recombinant CK1␣ and CK1␣L from zebrafish. The results demonstrate that SLS and acidic cluster motifs are crucial for CK1 recognition. Pro-44 and Pro-52 are also important for efficient phosphorylation. Similar results were obtained with the different isoforms of CK1. Phosphorylation of mutants of full-length recombinant ␤-catenin from zebrafish confirmed the importance of the SLS and acidic cluster motifs. A search for proteins with similar motifs yielded, among other proteins, adenomatous polyposis coli, previously found to be phosphorylated by CK1. There is a strong correlation of ␤-catenin mutations found in thyroid tumors with the motifs recognized by CK1 in this protein.
substrates, as seen in the case of glycogen synthase that requires priming by CK2 for phosphorylation of Ser-652, Ser-648, and Ser-644 (site 3) (2) .
The recent elucidation of the crystal structure of GSK-3␤ (5, 6) has provided evidence that a basic pocket composed of Arg-96, Arg-180, and Lys-205 binds the phosphate in the primed site and positions the substrate in the proper orientation to accept a new phosphate four amino acids upstream (7) . Thus primed substrates have the structure S͞T X X X S͞T-PO4, where S͞T corresponds to the target serine or threonine, X to any other amino acid, and S͞T-PO4 to a previously phosphorylated serine or threonine. Although in vitro GSK-3 can phosphorylate proteins and peptides that are not primed, their efficiencies compared with primed substrates are several orders of magnitude lower (7) . It is not clear whether in vivo GSK-3 can phosphorylate unprimed substrates.
CK2 is known to phosphorylate Ͼ300 protein substrates, be involved in the regulation of the cell cycle, and have antiapoptosis activity (8) (9) (10) (11) (12) . Only 10 of 308 CK2 sites analyzed so far are strictly primed (i.e., ''phosphate directed'') sites, that is having a phosphorylated residue acting as crucial determinant at position nϩ3 (10) . The minimum substrate specificity for CK2 is S͞T X X D͞E for unprimed substrates or S͞T XX S͞T͞Y-PO4 for primed substrates (D͞E stands for aspartic or glutamic acid and Y-PO4 for phosphotyrosine), indicating that position nϩ3 from the target serine or threonine must be occupied by a side chain with either a carboxylic or a phosphoryl group (12) .
CK1
CK1 is located in a separate group within the superfamily of eukaryotic protein kinases (13) . Within the CK1 family, there are several genes that code for related kinases in all species. In mammals and vertebrates, there are seven CK1 genes coding for ␣, ␤, ␥1, ␥2, ␥3, ␦, and isoforms (14) , and some of these genes generate several proteins through alternative splicing (15) . The CK1 isoforms may have different functions; for instance, CK1 is involved in regulating circadian rhythm through phosphoration of period (per) proteins (16) , and it has also been linked to the activity of group I metabotropic glutamate receptors (17) . CK1␦ may be involved in neurodegenerative diseases (18) . CK1␣ apparently participates in the phosphorylation of G proteinregulated receptors (19) and nuclear factor for activated T cells 4 (NF-AT4) phosphorylation (20) . However, in vitro studies with model peptides using different isoforms of CK1 have not shown significant differences in the preferred target sequences (21) . Differences in functions of isoforms most probably involve differential expression and cellular localization and specific docking sites that confer substrate selectivity. CK1 and CK1␦ have an interesting regulatory mechanism where autophosphorylation of their carboxyl-terminal extensions inhibits their catalytic activity (22, 23) . Dephosphorylation of these carboxyl residues by calcineurin may be a mechanism for regulating the activity of these isoforms (17) .
CK1 has a substrate sequence consensus in which position nϪ3 is necessarily occupied by an acidic group or a phospho-amino acid. This consensus is D͞E X X S͞T for unprimed substrates or S͞T-PO4 X X S͞T for primed targets. It must be noted, however, that whereas CK2 carboxylic and phosphorylated side chains are equally potent as specificity determinants, CK1 by far prefers phosphorylated determinants, needing otherwise multiple acidic residues upstream from position nϪ2 to achieve catalytic efficiency comparable to that of primed sites (21, 24) .
Regulation of NF-AT4 by Phosphorylation
NF-AT4 is a member of a family of transcription factors that activate T cells and participate in many cell processes (25) . These proteins in unstimulated cells are phosphorylated at multiple serine and threonine residues in a region that masks a nuclear localization signal (NLS) and maintains NF-AT factors in a predominantly cytoplasmic localization. Specific external signals that increase intracellular Ca 2ϩ activate calcineurin, a calmodulin-regulated protein phosphatase, which dephosphorylates NF-AT proteins, unmasking their NLS. NF-AT proteins then translocate to the nucleus altering gene expression.
Several kinases, including GSK-3␤, c-Jun N-terminal kinase (JNK), p38, extracellularly regulated kinase (ERK), protein kinase A (PKA), and CK2 have been reported to participate in the phosphorylation of the NF-AT protein family (26) (27) (28) (29) (30) . In 1998, however, Zhu et al. (20) showed that CK1␣ was bound to the regulatory region of NF-AT4, an interaction that enhanced its phosphorylation by this kinase. This observation prompted us to study this phosphorylation with the use of synthetic peptides derived from the NF-AT4 region reported to bind and be phosphorylated by CK1␣. Although our results did not fully agree with those authors (20) , we found that peptides corresponding to the A-2 domain of NF-AT4 could be phosphorylated by CK1 and that these peptides contained a motif that was different from the canonical consensus structure that had been determined for CK1 (31) . Essentially, we found that an acidic cluster at nϩ4 to nϩ9 from the target serines was able to drive unprimed phosphorylation of these peptides. We postulated that this acidic cluster acted as a functional docking site that facilitated phosphorylation of residue Ser-177, which lacks the canonical consensus for CK1. Once the initial phosphorylation was attained on Ser-177, the primed peptides were then extensively phosphorylated by CK1␣ in a hierarchical and canonical fashion.
␤-Catenin Phosphorylation by GSK-3 and CK1
␤-Catenin also participates in transcription and is regulated through multiple phosphorylations that control its access to the cell nucleus. ␤-Catenin is degraded by the ubiquitin proteasome pathway in unstimulated cells. When ␤-catenin is phosphorylated in Ser-33 and Ser-37 it is recognized by ␤-Trcp, a component of the ubiquitination apparatus, and degraded. Much evidence supports the idea that GSK-3␤ is the kinase responsible for the phosphorylation in these ␤-catenin residues (32). This phosphorylation is favored by the formation of a multiprotein complex bound to the scaffold protein axin, which includes GSK-3, ␤-catenin, and adenomatous polyposis coli (APC) among other proteins. Phosphorylation of ␤-catenin at these N-terminal residues was held as a typical example of nonprimed phosphorylation by GSK-3 (7, 32) .
The regulation of the degradation of ␤-catenin plays a key role in embryogenesis and cell proliferation. Extracellular Wnt signal proteins are bound to a membrane receptor called ''frizzled,'' which causes an activation of the protein dishevelled (Dvl). It is interesting that Dvl can be phosphorylated by CK1 and this phosphorylation apparently enhances its interaction with other regulatory factors (33) . Activated Dvl inhibits, by a mechanism not yet understood, the phosphorylation of ␤-catenin in the multiprotein complex. As a result, ␤-catenin is not phosphorylated and therefore is not recognized and ubiquitinated by the Skip1-Cullin-F box complex ␤-Tcrp E3 ubiquitin ligase o degraded by the proteasome with the consequence that its intracellular concentration increases, especially in the nucleus. Nuclear ␤-catenin binds and activates the T cell factor transcription factors, eliciting the transcription of Wntresponsive genes. Extensive work has established that in addition to Ser-33 and Ser-37 the phosphorylation of Thr-41 and Ser-45 is also critical for ␤-catenin regulation. The importance of these four amino acid sites is highlighted by the frequent finding in tumors of mutations that convert these phosphorylatable residues into nonphosphorylatable ones (34) (35) (36) , a finding that correlates well with abundant nuclear ␤-catenin in transformed cells. In 1999, reports appeared that indicated that CK1 was an important participant in Wnt signaling. Initial reports disagreed about the specificity of the isoforms of CK1 in potentiating Wnt signals in the embryogenesis of Xenopus laevis and Caenorhabditis elegans (37, 38) . However, recent work demonstrated that overexpression of any of the ␣, ␤, ␦, or isoforms of CK1 could potentiate Wnt signals and cause double axis formation in Xenopus embryos (39) . On the other hand, a year ago, several groups reported that CK1 can oppose Wnt, being directly involved in the phosphorylation of ␤-catenin, in a dual kinase concerted action together with GSK-3 (40-43). Liu et al. (40) reported that the anti-Wnt effect was caused by the CK1␣ isoform that phosphorylated Ser-45. Confirming these results, they observed that depletion of CK1␣ but not CK1 through doublestranded RNA-mediated interference caused a significant decrease in Ser-45 phosphorylated ␤-catenin in human embryonic kidney 293 cells. The results of Sakanaka (41) , however, indicate that CK1 is able to phosphorylate Ser-45 in ␤-catenin. Yanagawa et al. (42) , using a Drosophila system to study the phosphorylation of Armadillo (the ␤-catenin homologue of Drosophila), also confirmed the participation of CK1 in this phosphorylation. RNA interference experiments showed that both CK1␣ and CK1 are involved in Armadillo phosphorylation and regulation. Those authors recognized the importance of the acidic cluster downstream of the target serine for the phosphorylation of this protein by CK1␣. Finally, Amit et al. (43) reported that CK1 isoforms ␣, ␦, and bound to axin were responsible for the priming phosphorylation at Ser-45 of ␤-catenin, which is subsequently followed by GSK-3 phosphorylation of Thr-41, Ser-37, and Ser-33. Interestingly, those authors found that Wnt3A and Dvl overexpression in cells completely abrogates Ser-45 phosphorylation of ␤-catenin. This finding implies that the Wnt cascade would preferentially act by inhibiting the CK1 activity that phosphorylates ␤-catenin.
In summary, although CK1 may have other effects, there is substantial agreement that this protein kinase is involved in the initial phosphorylation of ␤-catenin at Ser-45, and this phosphorylation results in the priming of GSK-3 for targeting residues Thr-41, Ser-37, and Ser-33, which are required for the degradation of this protooncogenic protein.
Corroborating that CK1 opposes Wnt signaling, Rubinfield et al. (44) demonstrated that the CK1 isoform phosphorylates APC and that this phosphorylation strengthens its binding to axin and ␤-catenin degradation.
The Present Work
The evidence that CK1 was responsible for Ser-45 phosphorylation in the protein ␤-catenin attested to a second instance in which CK1 could phosphorylate a transcription factor at a noncanonical site and in which CK1 and GSK-3 could cooperate in multisite phosphorylations. Comparison of the sequence surrounding Ser-45 in ␤-catenin and the noncanonical site of phosphorylation described in NF-AT4 peptides (31) (Fig. 1 ) disclosed intriguing coincidences. Notably, both sequences contain an acidic cluster downstream from the target serines, and the motif SLS involving Ser-45 of ␤-catenin is present in both sequences. This similarity prompted us to carry out in vitro experiments to test the relevance of these common features for the recognition by CK1 of the sequences neighboring Ser-45 of ␤-catenin.
The results presented in this article demonstrate that both the acidic cluster in positions nϩ7 and the SLS motif are very important for this type of unprimed noncanonical recognition by CK1 both in synthetic peptides and the full-length ␤-catenin protein. Another protein that contains these motifs is APC, which had been previously shown to be phosphorylated by CK1 (44) . The previous finding of mutations of the amino acids present in the motifs important for CK1 recognition in the ␤-catenin genes of thyroid tumors (45, 46) lends strong physiological significance to these observations.
Materials and Methods
Expression and Purification of Proteins. Recombinant CK1␣ and CK1␣L from zebrafish (Danio rerio) with amino-terminal (His) 6 tags were expressed in Escherichia coli BL21 (DE3) and purified through Ni 2ϩ -NTA-agarose columns as described (15) . Rat liver CK1 was purified from fresh tissue as described (47) (specific activity 11,000 units͞mg, one unit being the amount of enzyme that can transfer 1 pmol of phosphate per min into the specific peptide R
R K H A A I G D D D D D A Y S I T A).
This preparation is free of other kinases such as GSK-3, CK2, and proline-directed kinases.
␤-Catenin was cloned by PCR from a cDNA library of zebrafish using as primers 5Ј-TAT ATA CAT ATG GCT ACC CAG TC-3Ј and 5Ј-TAT ATA GAA TTC TTA CAG ATC GGT GT-3Ј. The amplified product was introduced in a pT7H 6 vector for expression in E. coli. The ␤-catenin coding insert was sequenced with an Applied Biosystems Prism 377 automatic sequencer, confirming the sequence published in GenBank (accession no. BC047815).
Mutations of ␤-catenin to generate S45A, L46A, and the mutant with all acidic groups changed to alanine (E53, D54, E55, D56, D58 to A) were prepared by an overlapping primer PCR method (48) using the following primers: for S45A, 5Ј-CTG CCC CGG CCC TGA GTG G-3Ј and 5Ј-CCA CTC AGG GCC GGG GCA-3Ј; for L46A, 5Ј-CTG CCC CGT CCG CGA GTG GC-3Ј and 5Ј-GCC ACT CGC GGA CGG GGC AG-3Ј, and for the acid cluster primers, 5Ј-CAA CCC GGC GGC TGC CGC TGT GGC TAA TCA G-3Ј and 5Ј-CTG ATT AGC CAC AGC GGC AGC CGC CGG GTT G-3Ј.
Peptide Synthesis. The synthesis of peptides derived from X. laevis ␤-catenin, NF-AT4, and APC was carried out as described (49) .
Peptide Phosphorylation Assay. The assay has been described in detail (31) . Briefly, synthetic peptide substrates (0.2 mM) were phosphorylated by incubation in a medium (25 l final volume) containing 50 mM Tris⅐HCl buffer (pH 7.5), 10 mM MgCl2, 100 mM NaCl, and 40 M [␥- 32 P]ATP (specific radioactivity 500-1,000 cpm͞pmol). The reaction was started with addition of the protein kinase and stopped by cooling in ice and absorption onto phosphocellulose paper for scintillation counting. Kinetic constants were determined by regression analysis of double-reciprocal plots constructed from initial-rate measurements.
␤-Catenin Phosphorylation. For ␤-catenin phosphorylation, 5 pmol of recombinant full-length zebrafish ␤-catenin was phosphorylated for 15 min at 37°C in kinase buffer containing 50 mM Tris⅐HCl buffer (pH 7.5), 10 mM MgCl2, 100 mM NaCl, and 10 M [␥-32 P]ATP (specific radioactivity 8,000-10,000 cpm͞pmol). The reaction was started with the addition of CK1␣ and stopped by addition of 5ϫ Laemmli buffer. Samples were separated by SDS͞ PAGE, transferred to poly(vinylidene difluoride) membranes for Western blots, and developed with anti-His mAb. The membranes were also subjected to autoradiography using x-ray film (Kodak). Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org.
Specialized Reagents. Oligonucleotides were prepared by the Oligopeptido Core Facility, University of Chile. Ni 2ϩ -NTA Sepharose was from Novagen. [␥-32 P]ATP was from New England Nuclear, and anti-His mAb was from CLONTECH.
Results
Phosphorylation of ␤-Catenin-Derived Peptides by CK1. Peptides reproducing with suitable modifications the sequence of X. laevis ␤-catenin between amino acids 38 and 65 and containing three additional arginine residues in the N terminus to facilitate the phosphocellulose paper assay were synthesized and purified as described (49) .
These peptides contained permutations in the sequence motifs common to NF-AT4 and ␤-catenin and in positions neighboring Ser-45, the known target of CK1 (Table 1) . Several modifications introduced into these peptides were inspired by naturally occurring mutations of ␤-catenin found in thyroid tumors (45, 46) . Peptides were phosphorylated by using CK1 purified from rat liver (47) , which is essentially free of other kinase activities and with recombinant CK1␣ and CK1␣L (15) from zebrafish. Table 1 provides the values for approximate K m , V max , and phosphorylation efficiency as reflected in the ratio of V max ͞K m . Values obtained with zebrafish splice variant CK1␣L (15) were essentially similar to those found with zebrafish CK1␣ (data not shown). It is clear that the SLS motif involving amino acids 45-47 is important for CK1 recognition. Replacement of Ser-45 with alanine almost completely eliminated phosphorylation in peptide (S45A) consistent with the previous evidence that Ser-45 and not Ser-47 is the target of CK1 in ␤-catenin (40) (41) (42) (43) . This finding also agrees with the analysis of phosphoamino acids (data not shown) after incubation of WT peptide with CK1 that showed no detectable phosphothreonine. Interestingly, replacement of Ser-45 with threonine (S45T) also lowered the phosphorylation efficiency, reflecting the known preference of CK1 for serine over threonine. Replacement of Ser-45 with phosphoserine in the synthetic peptide (pS45) completely eliminates the capacity of this peptide to function as a substrate, demonstrating that the enzyme cannot use this primed substrate for subsequent phosphorylation and demonstrating that Ser-47 is not a target for CK1.
Replacement of Leu-46 with alanine (L46A), valine (L46V), or isoleucine (L46I) gave different results. Alanine replacement nearly completely suppressed phosphorylation with both the rat liver and zebrafish CK1. With the rat liver enzyme the peptides with the valine or isoleucine were partially active as compared with the parent peptide, whereas with the recombinant CK1, isoleucine substitution was as efficient as the parent peptide, whereas valine was slightly less active. This result suggested that the hydrophobicity of the side chain in position 46 may play an important role in determining the efficiency of CK1 phosphorylation. To explore this further, peptides with D-leucine or t-butyl-Gly in this position were synthesized and tested. The peptide containing D-leucine was completely inactive, whereas the compound that carries the t-butylGly substitution was twice as good a substrate as the parent peptide. Replacement of Ser-47 with alanine (S47A) caused a significant reduction of activity even though Ser-47 is not phosphorylated. Substitution of Ser-47 with asparagine (S47N) severely reduced the phosphorylation, while its replacement for threonine (S47T) yielded a partially active peptide. Fig. 2A shows the time course of phosphorylation of several peptides with changes in the SLS motif, and the results corroborate the effects deduced from Table 1 .
The other major common feature found in both NF-AT4 and ␤-catenin is the cluster of acidic residues downstream from the SLS motif. In this regard, we found that substitution of three acidic residues by alanines (E53A, E55A, and D58A) greatly reduced the efficiency of phosphorylation, whereas substitution of all five acidic residues in the cluster (E53A, D54A, E55A, D56A, and D58A), designated in Table 1 as acidic all A, completely eliminated the phosphorylation of this peptide. Substitution of the single glutamic acid 55 with lysine (E55K) was sufficient to cause a drastic drop in the phosphorylation of this peptide by CK1. Total deletion of the acidic cluster (⌬52-65) also eliminated the substrate capacity of this peptide, as did deletion of residues 38-48 in the C-terminal peptide. Fig. 2B shows the time course of the phosphorylation of peptides containing changes in the acidic cluster and demonstrates the very stringent requirements for this motif.
Assessments of other features that are present in the ␤-catenin sequence in the vicinity of Ser-45 but not in the NF-AT4 protein, are also presented in Table 1 . Replacement of proline residues immediately upstream of the SLS (P44S) and the acidic cluster (P52A) also resulted in a reduction of the phosphorylation by 70-80%.
Elimination of four amino acids in the linker region separating the SLS and acidic cluster (⌬48-51) or their replacement by alanines (48-51 all A) also decreased the substrate efficiency significantly. However, replacement of Lys-49 with arginine (K49R) caused an important increase in the substrate efficiency through a reduction of the K m .
It is noteworthy that alterations or deletions of the acidic cluster affect both the apparent K m and V max , whereas the changes in the SLS motif decrease the V max of the reaction without greatly affecting the apparent K m .
Qualitatively, the changes in the peptides caused similar effects on the recognition of the CK1 obtained either from rat liver or recombinant D. rerio CK1␣. In general, the K m for the peptides with the recombinant CK1␣ is higher than those found with the mammalian enzyme. Most of these peptides also were checked with the splice variant D.r. CK1␣L (15) , with no significant difference from the results obtained with CK1␣ being observed. In Table 1 , for comparison, data obtained with peptides that contain a canonical Peptides preparation is described in Materials and Methods. The parent or WT peptide of ␤-catenin (BC) contained the sequence of X. laevis ␤-catenin corresponding to residues 38 -65. The NF-AT4 peptide contained the sequence of the human NF-AT4 protein from residues 183-202 with a sequence RRRA attached to its amino end. The APC peptides contain the sequence of the human APC protein from residues 1275 to 1290 or mutants with a sequence RRRA attached to its amino end. Peptides from ␤-casein and protein phosphatase 1 inhibitor-2 had been studied (21, 24) . All other peptides contain three arginines in their amino terminus to facilitate the phosphocellulose paper assay. nd, nondetectable phosphorylation; -, assay not performed.
consensus for CK1 are presented. It can be seen that a ␤-caseinderived peptide with phosphoamino acids (Ser-22) and a protein phosphatase inhibitor-2 peptide, which is not primed but contains several acidic residues upstream, have phosphorylation efficencies that are 15-to 25-fold greater than the parent ␤-catenin peptide.
Phosphorylation of Full-Length ␤-Catenin in Vitro. The CK1 recognition motifs determined with synthetic peptides were also analyzed by using full-length recombinant ␤-catenin from D. rerio. This protein interacted very well with an antibody specific for mammalian ␤-catenin and showed a mobility in SDS͞PAGE corresponding to the expected molecular mass of 80,000 Da. Three mutants were also generated in which Ser-45, Leu-46, and the five acidic residues in positions 53, 54, 55, 56, and 58 were replaced by alanine. This latter mutant showed a slightly faster mobility on SDS͞PAGE.
␤-catenin and mutants were phosphorylated with CK1␣, CK1␣L, and CK1␦ from zebrafish, and the products were analyzed by Western blot and autoradiography. Fig. 3 shows that the amounts of ␤-catenin and mutant proteins detected with antibodies against the His 6 tag are apparently equivalent. On the other hand, the phosphorylation of the ␤-catenin with CK1␣L was Ͼ10-to 20-fold higher than that observed with the S45A, L46A, and the acidic cluster mutant. These results are in very good agreement with the data obtained with the peptides. They corroborate the concept that Ser-45 is the major phosphoacceptor site for CK1 in the full-length protein and that both the SLS and acidic cluster motifs play an important role in the recognition of the protein substrate by this kinase. The results obtained with CK1␣ and CK1␦ were qualitatively similar to those found with CK1␣L; however, CK1␦ seems to be much less efficient in phosphorylating ␤-catenin than casein (results not shown). The apparent K m for ␤-catenin with CK1␣ was estimated to be in the 100-nM range, which is several orders of magnitude lower than the peptides.
Search for Proteins That Contain the SLS Motif Upstream from an
Acidic Cluster. The importance of the SLS and acidic cluster motifs in CK1 phosphorylation prompted us to search for other proteins that contain these recognition features and to test the predictive capacity of our findings in regard to other proteins that may also be phosphorylated by CK1 in this noncanonical mode. The Swiss-Prot human protein sequences were searched for proteins that contain the SLS motif followed by an intervening sequence fluctuating in length between 2 and 5 aa and a downstream acidic cluster with six residues, of which at least three are aspartic or glutamic acid and without the presence of basic residues. Table 2 gives a partial list of the proteins and the sequences identified in that search. In addition to NF-AT4 and ␤-catenin, there are many very interesting signaling proteins that contain these features. The most striking result, however, was to find APC protein on the list. This protein is related in function with ␤-catenin because it is an important component of the multiprotein complex assembled around axin, the scaffold protein that facilitates the phosphorylation of ␤-catenin by CK1 and GSK-3 (32) . The CK1 recognition motif occurs in APC within three 20-aa repeats that are known to regulate ␤-catenin. Our prediction that these sequences of APC might be phosphorylated by CK1 had been validated by Rubinfield et al. (44) , who observed that CK1 can phosphorylate these same sequences and that these phosphorylations are required for the regulatory effect of APC on ␤-catenin function. A peptide corresponding to APC residues 1275-1290 was synthesized and tested for phosphorylation by CK1. This peptide is an excellent substrate of CK1, 3-fold more efficient than the WT ␤-catenin peptide (Table 1) , possibly because it has two SLS motifs in tandem and because noncanonical phosphorylation of S1276 could prime subsequent canonical phosphorylation of S1279. Substitution of the two leucines in this peptide completely eliminates its phosphorylation by CK1. In Table 1 we also include the assays of phosphorylation of residues 183-202 of an NF-AT peptide. This peptide is also phosphorylated by CK1 on the SLS motif, albeit with lower efficiency than the peptides from the other proteins.
Discussion
There is agreement in this area of study that CK1 is responsible for the in vivo phosphorylation of Ser-45 of ␤-catenin (40) (41) (42) (43) . This phosphorylation is crucial to prime the subsequent phosphorylation of this protein at residues Thr-41, Ser-37, and Ser-33 by GSK-3. Analysis of the sequence surrounding Ser-45 in ␤-catenin does not reveal the well-known features of the consensus sequence that are generally recognized by CK1 in a variety of proteins and peptides that serve as its substrates. This canonical consensus depends on the presence of a side chain containing a negative charge derived from either a phosphoamino acid or one or more acidic residues at position nϪ3 relative to the target serine or threonine (2, 21, 24) . These features are absent in the sequence surrounding Ser-45 of ␤-catenin. A cluster of acidic residues is indeed found in the vicinity but it is located on the ''wrong'' side, beginning at nϩ7 downstream from Ser-45.
Early work on the specificity of CK1 suggested that another positive determinant could be a hydrophobic residue in position nϩ1 relative to the hydroxylamino acid to be phosphorylated (50) . Interestingly, an isoleucine at position nϩ1 was also selected along with an acidic residue in position nϪ3 in a peptide library used to investigate the specificity of CK1 (51) . The relevance seen in this work of Leu-46 in ␤-catenin does validate the importance of this feature.
The sequence surrounding Ser-45 of ␤-catenin did show considerable similarity to a noncanonical motif present in the case of NF-AT4 peptides phosphorylated by CK1 (31) . These studies with synthetic peptides, which reproduce NF-AT4 sequences, and the studies described here using peptides with ␤-catenin sequences, have allowed us to determine the common features of these two important proteins related to their recognition by CK1. The acidic cluster downstream from the target serine is definitely important, yet, there is still some question as to how many acidic residues are necessary. Replacement of three of the five acidic residues with alanine causes a very important reduction in phosphorylation, whereas a similar replacement of all five residues or their deletion results in totally unphosphorylatable peptides. Replacement of Glu-55 with lysine also greatly diminishes the substrate capacity of the peptides.
There is some flexibility regarding the number of residues that can separate the cluster from the SLS motif. In naturally occurring proteins there are examples such as Armadillo and APC in which there are two intervening residues, whereas ␤-catenin has a 5-aa separation between the SLS and the acidic cluster. In our studies, the reduction of the intervening sequence to one proline or its replacement by alanines significantly affected their substrate capacity.
Comparison of the NF-AT4 and ␤-catenin sequences points to the SLS motif that is present in both proteins and involves the first serine (Ser-45) as a target hydroxylamino acid for CK1 in ␤-catenin. The importance of this feature was not apparent to us in our studies with the NF-AT4 peptides, because focus was on another serine (Ser-177) upstream from the SLS motif. However, the results obtained with the peptides of ␤-catenin in which Leu-46 or Ser-47 are mutated to alanine unambiguously demonstrate that both amino acids play an important role in CK1 recognition, the most critical being that of the leucine residue adjacent to the C terminus of the target serine. The results obtained with substitution of Leu-46 by alanine, valine, isoleucine, and t-butyl-glycine demonstrate that in general increasing the hydrophobicity of the side chain in this position results in an increase in the efficiency of recognition by CK1. However, results with the isoleucine substitution are somewhat different with the two enzymes used, whereas with rat liver enzyme L46I is less efficient than L46V, and with zebrafish enzyme L46I is as efficient as the parent peptide. The serine in position 47 also plays an important role because its replacement by threonine, asparagine, or alanine has a strong negative effect on its phosphorylation. A peptide corresponding to the NF-AT4 sequence, which includes the SLS motif as the only phosphorylatable target, together with the acidic cluster does act as a substrate of CK1, albeit with lower efficiency than the ␤-catenin peptides.
There are other features of the ␤-catenin peptides that are not conserved in NF-AT4 or APC and that influence their substrate efficiency. In particular, the Pro-52 replacement by alanine caused a significant decrease in the phosphorylation of the peptide as did the replacement of Pro-44 for serine. These proline residues may be specific features that influence the recognition of that particular sequence. Supporting this notion is the fact Armadillo, the ␤-catenin homologue of Drosophila melanogaster, conserves the residue corresponding to Pro-44 but does not contain a proline corresponding to Pro-52 of ␤-catenin. Comparison of the efficiency of the phosphorylation of the peptides with the noncanonical motif with those that have a cononical motif and that are derived from ␤-casein and protein phosphatase inhibitor-2 demonstrate that the noncanonical peptides are 15-to 25-fold less efficient than the canonical peptides of either the primed or unprimed varieties.
To gain information about the structural features possibly accounting for the relevance of the recurrent motifs found in the new class of CK1 substrates, a modeling study was performed based on the crystal structure of rat CK1␦ (52) in which a peptide encompassing the 44-58 sequence of ␤-catenin has been inserted with the side chain of the phosphoacceptor serine (Ser-45) facing the putative position of the ATP ␥ phosphate. After energy minimization, the peptide adopts a bent conformation (Fig. 4) , which is stabilized by a number of features also known to be required for its efficient phosphorylation by CK1. Especially noteworthy is the embedding of the bulky side chain at position nϩ1 (Leu-46) into a cavity formed by two residues of the Pϩ1 loop (Thr-176 and Arg-178) and by Gln-214 and Ile-228. This model also illustrates the role of Pro-52 in favoring the folding back of the peptide backbone (Fig. 4A) . Such a backward orientation of the C-terminal moiety of the peptide makes possible several electrostatic interactions between the acidic cluster and a number of basic residues of the kinase, namely Arg-13, Lys-14, Lys-45, and Lys-224, as illustrated in Fig. 4B . Interestingly, all of the residues of the kinase implicated in the main interactions with the peptide are conserved or conservatively replaced in the different isoforms of CK1, and Lys-224, which interacts with a tungstate ion in the crystal structure of rat CK1␦, has been already suggested to be implicated in the binding of primed CK1 substrates in position nϪ3 (52) . Mutational analysis and͞or the solution of the crystal structure of complexes between CK1 and peptide substrates will be required to validate the mode of binding emerging from our modeling study. Note, however, that the modeling accounts very well for all of the biochemical data available, especially the relevance of Pro-52, the acidic cluster downstream from it, and the bulky hydrophobic residue adjacent to the C-terminal side of the phosphoacceptor serine Leu-46. This latter is oriented toward the lower lobe of the kinase, entering a cavity where it makes van der Waals interactions with four residues surrounding it at distances varying between 2.64 and 3.79 Å. Consistent with this scenario the replacement of Leu-46 with an artificial bulkier side chain (t-butyl-Gly) can be expected to make even closer interactions, improving the phosphorylation efficiency, whereas its replacement with smaller residues (notably Ala) or, more so, with D-Leu, whose side chain is oriented in the opposite direction, abrogates phosphorylation (see Table 1 ).
Further work is required to explain how peptides from APC and NF-AT4, which lack a proline residue upstream of the acidic cluster, can be modeled to bind and be phosphorylated by CK1.
Experiments with full-length ␤-catenin mutated in some of the key features of the SLS and acidic clusters detected in the peptides corroborate that those structural motifs maintain their influence when the whole protein is used as a substrate. These results also tell us that Ser-45 is the major phosphorylation target of CK1 in ␤-catenin. The much lower K m of the full-length protein as compared with the peptides suggests that CK1 may also recognize a secondary binding site in ␤-catenin that is not in the peptides.
We cannot presume that these in vitro results reflect in vivo behavior. This is specially true in the case of ␤-catenin phosphorylation, which is regulated within the context of a multiprotein complex (32) .
There are, however, indications that the structural motifs we have described actually do play a role in the in vivo phosphorylation of ␤-catenin and other proteins by CK1. The most convincing clue comes from mutations found in tumors. Many mutations found in ␤-catenin in numerous tumors involve single base substitutions or deletions within exon 3 of ␤-catenin, which codes for the region of the protein that contains the targets for CK1 and GSK-3 (34) (35) (36) . These findings provide strong support for the critical role played by interference with the phosphorylation and degradation of ␤-catenin in the evolution of many types of tumors. As expected, the majority of the mutations affect directly the serines and threonine of ␤-catenin that are phosphorylated by CK1 and GSK-3 (Ser-33, Ser-37, Thr-41, and Ser-45). Nevertheless, mutations of ␤-catenin in thyroid tumors have also been found that affect a number of other residues in the vicinity of Ser-45, the target of CK1 (45, 46) . It is very significant that several mutations found in these tumors involve features that we have detected as important for CK1 recognition. Three mutations change acidic residues for lysine within the acidic cluster and one changes D58 to asparagine. The E55K mutation is identical to a change in our synthetic peptide that caused a large decrease in CK1 phosphorylation. The relevance of the S 45 L 46 S 47 motif involving target Ser-45 is also strengthened by the finding of a mutation L46V and two other mutations that change Ser-47 to asparagine, which significantly reduce CK1 phosphorylation in the peptide experiments. Pro-44 and Pro-52, whose changes were found to decrease the phosphorylation in peptides, were also detected as mutants in thyroid tumors. However, there is a significant difference in the correlation between ␤-catenin mutations detected in thyroid tumors and CK1 recognition of mutations in Lys-49. In nine tumor samples, Lys-49 was found mutated to arginine. The corresponding change in the peptide resulted not in a decrease but rather in a higher efficiency of phosphorylation. A probable explanation for this lack of correlation in these cases may be found in the fact that in the great majority of the thyroid tumor samples analyzed by Garcia-Rostan et al. (45, 46) contain more than one mutation in the third exon of ␤-catenin. As a matter of fact, eight of the nine samples that contained K49R mutations also had a second change, T40I, and in three of those same samples a third mutation was also detected. Those authors found very good correlation of the T40I mutation, which may affect GSK-3 phosphorylation of Thr-41, with the appearance of poorly differentiated carcinomas. The presence of multiple mutations in these tumors suggests genetic instability, and those authors postulated that other mutations might occur in other exons of ␤-catenin that were not analyzed, which may explain the observation that only half of the cases that contained mutations in exon 3 of ␤-catenin demonstrated nuclear localization of this protein (45, 46) . Despite these caveats, the overall correlation between the features discovered through the CK1 phosphorylation of ␤-cateninderived peptides and the full-length protein with mutations found in tumors argues strongly for the physiological involvement of these features in the in vivo phosphorylation of this key protein.
Another important argument for the relevance of the SLS-Xn-(E͞D)n motif can be found in its predictive capacity. Among the proteins that carry this motif, the databank has provided a number of interesting possibilities. The most striking one involves APC, a protein clearly related in its function with ␤-catenin with which it forms multiprotein complex. It is noteworthy that the prediction of this work had already been fulfilled with respect to the APC protein because it had been shown to be phosphorylated by CK1 (44) . In this work, sites of phosphorylation were detected in two 20 amino acid repeats that activate ␤-catenin phosphorylation and contain The interactions among four acidic residues of the peptide (red) clustered in its C-terminal part and four basic residues of CK1 (blue) are highlighted. N and C denote the amino-and carboxyl-terminal ends of the peptide, respectively. The residues of the ␤-catenin peptide and CK1 are indicated by the one-and three-letter codes, respectively. The ␤-catenin peptide structure was first built from the amino acid sequence (PS 45 LSGKGNPEDEDVD) using the PROTEIN program of the TINKER molecular modeling software (53) with Amber98 force field. The structure was minimized with the program OPTIMIZE until the energy reached a minimum and manually superimposed to the CK1␦ structure (Protein Data Bank ID code 1CK-J.pdb). An energy minimization of the complex CK1-peptide was performed with the program MINIMIZE and Amber98 force field until the energy reached a minimum. The figure was drawn by using the PYMOL program (K. L. DeLano, www.pymol.org).
SLS motifs followed by acidic clusters. A peptide reproducing the APC sequence has been shown here to be an excellent substrate of CK1 from rat liver, and its activity was shown to completely depend on the presence of two leucines in SLS motifs.
A recent report by Kang et al. (54) describes that PKA bound through presenilin to ␤-catenin and GSK-3 can also phosphorylate the Ser-45 of ␤-catenin to prime it for subsequent GSK-3 phosphorylation. In this case again, Ser-45 does not conform to the canonical consensus of PKA (RR-X-S͞T-B, where R is arginine, B is a hydrophobic amino acid, and X any residue). Preliminary experiments with our ␤-catenin peptides and the full-length protein show that PKA can indeed phosphorylate the serine corresponding to Ser-45 in ␤-catenin the peptides, but at a rate that is much lower than with CK1.
It seems significant that the proteins NF-AT4, ␤-catenin, and APC, which contain the noncanonical sequence motif described in this work, are involved in the regulation of the access of a transcription factor to the nucleus to ultimately affect cell division. Through different mechanisms, masking a nuclear localization signal in the case of NF-AT4 or triggering proteolytic recognition for ␤-catenin, concerted phosphorylation involving CK1 and GSK-3 act to oppose the access to the nucleus of a transcription factor with the resulting block to proliferation. Pursuing the analogy further, the cAMP-dependent PKA also appears to participate in the priming phosphorylation of the NF-AT family of factors (30) and in the phosphorylation of Ser-45 of ␤-catenin bound to presenilin (54) . In both cases, PKA acts to prime further phosphorylation by GSK-3. Recently, these same three kinases, PKA, CK1 and GSK-3, have been elegantly shown to cooperate through hierarchical phosphorylation of Cubitus interruptus with the resulting degradation of this developmental transcription factor (55) . In this case, however, the phosphorylations strictly obey the known canonical sequence motifs.
Concerted action of several kinases on a common substrate, as in this example, suggests the possible existence of polykinase complexes that may facilitate their collective function. In the postgenomic era, the important task of collating and cataloguing the 518 different genes of the human ''kinome'' according to sequence similarity (13) must be followed by the much more difficult task of ordering the enzymes according to their cellular function. As part of this effort, special relevance should be given to mechanisms of signal integration through the concerted action of protein kinases on transcription factor proteins. 
